ABSTRACT: We report the synthesis, one-and two-photon absorption spectroscopy, fluorescence, and electrochemical properties of a series of quadrupolar molecules that feature proquinoidal π-aromatic acceptors. These quadrupolar molecules possess either donor acceptor donor (D-A-D) or acceptor donor acceptor (A-D-A) electronic motifs, and feature 4-N, N-dihexylaminophenyl, 4-dodecyloxyphenyl, 4-(N,N-dihexylamino) [3,4-g]quinoxaline (TDQ) electron acceptor units. These conjugated structures are highly emissive in nonpolar solvents and exhibit large spectral red-shifts of their respective lowest energy absorption bands relative to analogous reference compounds that incorporate phenylene components in place of BTD and TDQ moieties. BTD-based D-A-D and A-D-A chromophores exhibit increasing fluorescence emission redshifts, and a concomitant decrease of the fluorescence quantum yield (Φ f ) with increasing solvent polarity; these data indicate that electronic excitation augments benzothiadiazole electron density via an internal charge transfer mechanism. The BTD-and TDQcontaining structures exhibit blue-shifted two-photon absorption (TPA) spectra relative to their corresponding one-photon absorption (OPA) spectra, and display high TPA cross sections (>100 GM) within these spectral windows. D-A-D and A-D-A structures that feature more extensive conjugation within this series of compounds exhibit larger TPA cross sections consistent with computational simulation. Factors governing TPA properties of these quadrupolar chromophores are discussed within the context of a three-state model.
' INTRODUCTION
Two-photon absorption (TPA) is the basis for an increasing number of optical and electro-optical applications that include data storage, 1 3 three-dimensional microfabrication, 4 6 biological imaging, 7 12 optical limiting, 13 16 and photodynamic therapy. 17 21 The potential of these technologies, in turn, continues to drive development of materials with improved TPA properties. For example, TPAenhanced materials boost absorption efficiency at low excitation intensity and, therefore, help minimize damage due to laser irradiation. Therefore, an improved understanding of chromophoric structural factors that may be manipulated to improve TPA will undoubtedly impact a variety of technologies that depend upon this nonlinear optical (NLO) property.
To date, a number of design strategies for materials with large TPA cross sections (δ) have been proposed and demonstrated. D-π-D, D-A-D, and A-D-A structural motifs, where D, π, and A refer, respectively, to electron donor, π-conjugated bridge, and electron acceptor units, have been shown to exhibit exceptionally large TPA cross sections for many D, π, and A moieties. 22 34 Quadrupolar structures, in particular, have experimentally 28 and theoretically 35, 36 demonstrated enhanced TPA cross sections that are approximately an order of magnitude greater than those of dipolar analogues. In addition, quadrupolar compounds have higher fluorescence quantum yields relative to corresponding dipolar compounds, most likely due to cancellation of D A dipoles which otherwise would tend to induce charge transfer quenching of fluorescence; such augmented fluorescence quantum yields are useful, for example, in imaging TPA. 22, 24, 28 technologies that rely on Corresponding octopolar chromophores, 37 42 as well as multibranched conjugated systems that include dendrimers, 43 48 can also provide materials with high TPA cross sections.
Incorporation of proquinoid structures, such as benzothiadiazole and thiadiazoloquinoxaline, into the main chain of π-conjugated oligomers and polymers is an established means to diminish optical 49 58 and potentiometric band gaps.
π-Conjugated materials that feature benzothiadiazole or thiadiazoloquinoxaline units have been exploited as both emissive and charge transport functional elements for organic light-emitting diodes 54,55,59 63 and as key components of photovoltaic cells 60,64 73 and field effect transistors. 59 , 74 76 Because 
Instrumentation.
1 H NMR spectra were recorded on 360 MHz DMX-360, 300 MHz DMX-300, or 250 MHz AC-250 Br€ uker spectrometers. Electronic absorption spectra were recorded on a Shimadzu PharmaSpec UV1700 spectrophotometer. Fluorescence spectra were obtained with a Spex Fluorolog-3 spectrophotometer (Jobin Yvon Inc., Edison, NJ) that utilized a PMT detector. These fluorescence spectra were corrected using the spectral output of a calibrated light source supplied by the National Bureau of Standards. Fluorescence quantum yields were measured in argon-purged solutions at room temperature. Quinine sulfate in 1.0 N H 2 SO 4 (Φ f = 0.55) 80 and rhodamine 101 inner salt in EtOH (Φ f = 1.00) 81 were used as standards. Time-correlated single-photon counting (TCSPC) experiments that measured fluorescence lifetimes were carried out using an Edinburgh Analytical Instruments FL/FS 900 spectrometer, using either a nanosecond flash lamp operating under an atmosphere of H 2 gas (0.50 0.55 bar, 1.2 ns full width at half-maximum (fwhm), 40 kHz repetition rate) or a blue (450 ( 15 nm) lightemitting diode (Picoquant PLS 450/PDL 800-B) triggered at a frequency of 100 kHz by a Berkeley Nucleonics 555 pulse generator, as excitation sources. 82, 83 This diode produced light pulses of 450 ps fwhm with a power of 15 μW. TCSPC data were analyzed by iterative convolution of the fluorescence decay profile with the instrument response function using software provided by Edinburgh Instruments.
Cyclic voltammetric measurements were carried out on an EG&G Princeton Applied Research model 273A Potentiostat/ Galvanostat. The electrochemical cell for these experiments utilized a platinum disk working electrode, a platinum wire counterelectrode, and a saturated calomel reference electrode (SCE). The reference electrode was separated from the bulk solution by a junction bridge filled with the corresponding solvent/supporting electrolyte solution. The ferrocene/ferrocenium redox couple was utilized as an internal potentiometric standard.
Two-Photon Absorption Spectra. The background theory and a detailed experimental description of our TPA spectra measurements were described previously. 84, 85 The samples were dissolved in toluene at a concentration of 3.8 10.5 10 5 M. The sample cells were degassed by freeze pump thaw methods (three cycles) and filled with argon gas. Throughout our experiments, we used a 100 μM solution of fluorescein in H 2 O (pH ∼ 13) as a standard calibration sample. We assume herein that the one-photon and two-photon fluorescence quantum yields of fluorescein are equal and that the fluorescence quantum yield is constant over the spectral range of the experiment.
Computational Studies. We used time-dependent densityfunctional theory (TDDFT) within the collective electronic oscillator (CEO) framework recently described by Tretiak et al. 86 to calculate one-and two-photon absorption spectra for this series of quadrupolar proquinoid compounds. In our implementation of the CEO framework, frequency-dependent polarizabilities are described by functions that can be obtained from response theory, including corresponding functional derivatives up to third order in the driving field. 87 Briefly, the procedure for computing frequency-dependent polarizabilities using TDDFT involved: (1) computing the groundstate density matrix, (2) obtaining a set of transition densities and frequencies (for coupled harmonic oscillators), (3) calculating anharmonicity tensors, and (4) summing over states for the desired response. This method was found to be efficient computationally and accurate for calculating nonlinear polarizabilities of large D A substituted conjugated molecules. 86, 88, 89 The method typically performs better than semiempirical methods (such as ZINDO and PM3 methods) and other common ab initio approaches (such as CI singles and time-dependent Hartree Fock methods) for describing molecular excited states and electronic excitation energies.
90,91
All electronic structure and nonlinear response calculations were carried out using the GAUSSIAN 98 92 and CEO programs, 93 while geometry optimization was performed using the Hartree Fock (HF) method with a 6-31G basis set. In order to maximize computational efficiency, the solubilizing substituents of these proquinoidal chromophores (N,N-dihexylamino, dodecyloxy, octyloxy and 3,7-dimethyloctyl groups) were replaced by structurally simpler analogues (N,N-dimethylamino, methoxy, and methyl groups, respectively). All molecular geometries were optimized beginning with planar structures with symmetry constraints. The excitation energies, dipole matrices, and Coulomb-and exchange-interaction matrices were calculated using the TDDFT method in GAUSSIAN 98 with a 6-31G basis set and the B3LYP functional. The energies and corresponding transition densities of the first 10 singlet excited states were calculated. We did not include more excited states in the calculation because it has been reported that increasing the number of excited states from 6 to 30 changes the resulting cross section by only about 10%. 86, 89 The CEO program was used to compute first-, second-, and third-order responses based on electronic structure analysis from GAUSSIAN 98. 93 These simulations neglected solvation effects. An empirical damping factor Γ = 0.1 eV (obtained from experimental studies of phenylene-vinylene derivatives) was used. 22, 24 Synthesis and Characterization. A full account of the synthesis and characterization of all new compounds, complete with tabulated spectral data, is provided in the Supporting Information (SI).
' RESULTS AND DISCUSSION Table 1 . As highlighted in the Figure 2 spectral data, these chromophores feature excellent solubility in a wide range of solvents, and underscore the chromophoric impact of the proquinoidal components. Notice, for example, that the lowest absorption maxima of (DHAt) 2 BTD and (DHAd) 2 
(DHAd)zBTD (4) (DHAt)zBTD
(16)
Cu l, piperidine 
300 400 500 600 700 300 400 500 600 700 Solvent-polarity-dependent fluorescence spectra can be interpreted in terms of the Lippert equation (eq 1), which expresses the magnitude of the Stokes shift in terms of changes in the molecular dipole moment that occur concomitantly with electronic excitation.
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ROPh, and (I) (DHAtROPht) 2 BTD. Experimental conditions are described in Table 3 . Redox potentials shown are relative to the ferrocene/ ferrocenium (Fc/Fc þ ) redox couple, which was used as an internal standard in these experiments.
The bracketed term in eq 1 is often referred to as the orientational polarizability (Δf; eq 2).
Plots of the magnitude of the Stokes shift (ν a ν f ) versus the orientational polarizability are displayed in Figure 4 . This analysis highlights the fact that the slopes of the Lippert plots for the TDQ-containing chromophores are smaller than those of the D-A-D and A-D-A structures that are based on the BTD unit. This result likely derives from (i) the reduced electron-releasing character of alkoxyphenyl relative to the dialkylaminophenyl group, which leads to smaller magnitude μ E μ G values and (ii) the fact that TDQ possesses a larger solute spherical cavity radius relative to BTD. Likewise, it is interesting that the observed Lippert plot slopes for the longer (DHAtBTDt) 2 ROPh and (DHAtROPht) 2 BTD molecules are similar in magnitude to the slope for the shorter (BTDt) 2 ROPh chromophore; this effect is consistent with the expectation that while (DHAtBTDt) 2 ROPh and (DHAtROPht) 2 BTD should possess larger (μ E μ G ) values relative to that for (BTDt) 2 ROPh, the solvent spherical cavity sizes for these species are also correspondingly larger.
Electrochemical Properties. Figure 5 shows the potentiometrically determined E 1/2 0/þ and E 1/2 /0 values for these proquinoidal D-A-D and A-D-A chromophores; these electrochemical data are tabulated in Table 3 . The Figure 5 potentiometric data highlight a number of key electronic structural features of these compounds. For example, replacing ethyne by ethene in the spacer structure [(DHAt) 2 BTD, (DHAd) 2 BTD; (ROPht) 2 TDQ, (ROPhd) 2 -TDQ] lowers the first oxidation and reduction potentials by ∼350 and ∼150 mV, respectively, in these BTD-and TDQ-based chromophores and therefore leads to a correspondingly smaller potentiometrically determined HOMO LUMO gap (E p ), mirroring the trend observed for the optical band gaps (E op ) of these species (Figure 2) .
The structures of (DHA-BTDt) 2 BTD and (DHAt) 2 BTD are closely related; (DHA-BTDt) 2 BTD features terminal dihexylamino groups directly attached to benzothiadiazole rather than phenyl groups. Figure 5 data suggest that replacement of the terminal phenyl by BTD destabilizes the HOMO level by 0.04 V, while stabilizing the LUMO to a similar degree; these data thus indicate that (DHA-BTDt) 2 BTD and (DHAt) 2 BTD possess comparable extents of electronic delocalization and ICT character in their respective ground and low energy excited states.
Note that the reduction potential of (BTDt) 2 ROPh ( 1.84 V vs Fc/Fc þ ) is shifted cathodically relative to that for 4,7-bis[(trimethylsilyl)ethynyl]benzo[c][1,2,5]thiadiazole (BTD(E-TMS) 2 ) ( 1.66 V). Because the ethyne group typically acts as a weak acceptor, the higher reduction potential of BTD(E-TMS) 2 compared to (BTDt) 2 ROPh suggests that the two terminal benzothiadiazole groups in (BTDt) 2 ROPh are not strongly conjugated to the central dialkoxyphenyl unit in the LUMO level.
Finally, Figure 5 shows that the reduction potential of (DHAtBTDt) 2 ROPh ( 1.72 V) is ∼100 mV stabilized relative to that determined for (BTDt) 2 ROPh, as expected due its expanded conjugation. In contrast, note that the oxidation potential of (DHAtBTDt) 2 ROPh is similar to that of (DHAtPht) 2 ROPh, suggesting that the HOMO is localized extensively on the dihexylaminophenyl groups or only weakly delocalized with the remainder of linear π-conjugated system. Likewise, these potentiometric data indicate that the reduction potential of (DHAtROPht) 2 BTD ( 1.66 V) resembles that of BTD(E-TMS) 2 , suggesting a LUMO localized primarily on the diethynylbenzothiadiazole unit; this trend is evident in the Figure 5 data, which shows clearly that the BTD and TDQ units play a dominant role in determining the potentiometrically determined LUMO levels.
Two-Photon Absorption Spectra. Two-photon absorption cross sections were determined by measurements of two-photon fluorescence excitation spectra 98, 99 with femtosecond laser pulses in the spectral range between 750 and 960 nm. The two-photon 
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The Journal of Physical Chemistry A ARTICLE Figure 6 . Two-photon fluorescence excitation spectra determined in toluene solvent for (A) (DHAt) 2 BTD, (B) (DHAd) 2 BTD, (C) (ROPht) 2 TDQ, (D) (ROPhd) 2 TDQ, (E) (DHA-BTDt) 2 BTD, (F) (BTDt) 2 ROPh, (G) (DHAtPht) 2 ROPh, (H) (DHAtBTDt) 2 ROPh, and (I) (DHAtROPht) 2 BTD. Systematic error for δ is (30% for each point. Figure 7 . Normalized one-photon absorption and two-photon excitation spectra of: Based on their spectral shapes (Figure 6 ), the actual TPA peaks of (DHA-BTDt) 2 BTD, (BTDt) 2 ROPh, (DHAtPht) 2 -ROPh, and (DHAtROPht) 2 BTD may lie outside of the spectral window analyzed in the present study; otherwise, the peak TPA cross sections for all of the present compounds are comparable to those of similar benzothiadiazole derivatives reported recently. 100, 101 To facilitate comparison with the corresponding OPA spectra, TPA spectra are plotted as a 5------(B)
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The Journal of Physical Chemistry A ARTICLE (Figure 7) . All of the compounds showed TPA maxima higher in energy than the corresponding OPA maxima. Linearity tests of power-squared fluorescence intensity dependence vs laser power were performed at varying laser excitation wavelengths for selected samples and are shown in Figure 8 ; the corresponding magnitudes of these slopes are given in Table 5 . While the large TPA cross sections below 800 nm for (ROPht) 2 TDQ may arise from residual OPA, it is important to note that the slope (1.82) of the two-photon excited fluorescence intensity as a function of the logarithm of the laser power at 780 nm indicates significant TPA. Note that the available spectral window for (ROPhd) 2 TDQ ( Figure 7D ) was mostly dominated by OPA; all other compounds showed pure TPA within the spectral window interrogated.
The TPA cross section δ is related to the imaginary part of the second-order hyperpolarizability γ through eq 3, 24, 28 
Im γAE ω; ω, ω, ωae ð3Þ n 2 c 2 where p is Planck's constant divided by 2π, ω is the excitation frequency, n is the refractive index of the medium, c is the speed of light, L is the local field factor (L = (n 2 þ 2)/3), and Im indicates the imaginary part of the complex quantity AEγae, the orientational average of γ, i.e. Here M ge is the transition dipole moment between the ground state (S 0 ) and the first excited state (S 1 ), Δμ ge is the difference in dipole moments between S 0 and S 1 , E ge is the transition energy between S 0 and S 1 , pω is the excitation energy, Γ is a damping factor, and M ee is the transition dipole moment between S 1 and 0 two-photon allowed higher excited states. The first term in eq 4 is the dipolar term, which is absent for quadrupolar compounds because Δμ ge vanishes. The third term is related to one-photon resonance and has no contribution to the TPA. Therefore, eq 4 is dominated by the second term for quadrupolar compounds. M ee was derived using eq 5, along with the other experimental parameters. Each parameter of eq 5 is tabulated in Table 4 . As expected from eq 5, the TPA cross section of quadrupolar compounds can be enhanced (within a three-state ansatz) by (i) increasing the transition dipole moment between the ground state and the first excited state, (ii) increasing the transition dipole moment between the first and higher excited states, and (iii) decreasing the detuning factor. Because δ is proportional to the square of these quantities, the magnitude of the TPA response can be very sensitive to small changes in electronic structure.
The Table 4) 102 and 1,4-bis Table 4 ), 24 in which the BTD moiety is replaced by phenyl. As the radiative rate constant (k r ) is proportional to the square of M ge , 103 these proquinoidal D-A-D and A-D-A molecules manifest diminished k r values with respect to these phenylene-based reference compounds (Table 6) . 102, 104 Radiative rate constants were determined from the fluorescence quantum yields and fluorescence lifetimes using
In these equations, Φ f is the fluorescence quantum yield, k r and k nr are radiative and nonradiative rate constants, respectively, and τ f is the fluorescence lifetime. Radiative rate constants for these chromophores were also estimated from the Strickler Berg relation and their corresponding absorption and fluorescence spectra. 103 The experimental and calculated radiative rate constants matched well for these BTD-and TDQ-based chromophores, and are smaller than those determined previously for their corresponding phenylenebased reference compounds (see Table 6 references). Note as well that the detuning factors of these proquinoidal chromophores are smaller than those determined previously for their respective corresponding reference compounds (Table 4) , in which the BTD and TDQ units are replaced by simple aryl structures. Because smaller detuning factors increase TPA cross sections, measured decreases of TPA cross sections in these proquinoidal chromophores relative to their respective phenylene analogues would therefore be expected to derive from smaller M ee 0 values for these species, consistent with the data in Table 4 . Note that (DHAtBTDt) 2 ROPh and (DHAtROPht) 2 BTD, which have extended π-conjugated structures relative to (DHAt) 2 BTD, evince higher TPA cross sections, suggesting that increased conjugation length is an important factor to enhance TPA, consistent with other reports. 24, 32, 105 ' THEORETICAL ANALYSIS To provide further insight into the origins of the OPA and TPA properties of these proquinoidal D-A-D and A-D-A quadrupolar chromophores, the one-and two-photon absorption spectra for these species were computed. Each structure was simplified and optimized using HF/6-31G methods for structures with π-systems constrained to remain planar; time-dependent density-functional theory (TDDFT) with the collective electronic oscillator (CEO) framework 86 was used to compute the one-and two-photon absorption spectra for these structures (see Experimental Section). Data obtained from these calculations are tabulated in Table 7 .
For OPA, these TDDFT calculations provided qualitative agreement with experimental excitation frequencies and transition intensities. Note that the calculated frequencies of the lowest energy excitations are red-shifted by ∼100 200 nm (about 0.2 0.6 eV) relative to that determined by experiment for all of the molecules studied. Such transition energy discrepancies between theory and experiment have been noted previously 86 and have been ascribed to several sources; these include (1) solute solvent interactions, not accounted for computationally, that lead to geometrical distortions and shortening of the effective conjugation length or localization of charge and (2) the fact that the TDDFT approach overestimates the extent of exciton delocalization. 106, 107 For TPA spectra, the simulations revealed that compounds with increased conjugation length (e.g., (DHAtPht) 2 ROPh, (DHAtBTDt) 2 ROPh, and (DHAtROPht) 2 BTD) relative to (DHAt) 2 BTD exhibit stronger TPA, consistent with experiment. Note that these calculated cross sections are about 2 5 times larger than the experimental values. Such overestimation of calculated TPA cross sections relative to those determined experimentally is a common artifact of this computational approach and can be ascribed to several factors. Foremost, the conventional exchange-correlation functionals employed in these simulations often fail to effectively describe charge transfer. 89, 108, 109 Further, the molecular structures were optimized using symmetry constraints described above; this simplification neglects the rotational degrees of freedom between the donor and acceptor units of these chromophores and access to other lower symmetry species in the ensemble. To test this hypothesis, we calculated TPA spectra for nonplanar (DHAt) 2 BTD structures. In this set of simulations, the dihedral angles between the phenylene and BTD ring systems were varied, and TPA spectra were calculated for multiple combinations of twist angles (data not shown). These studies found that the calculated TPA values were strongly 
The Journal of Physical Chemistry A ARTICLE influenced by the planarity of the structure, and that the absorption cross section decreased dramatically with the increasing twistangle magnitude; the calculated minimum TPA cross section was found to be less than one-fifth of the maximum cross-sectional value determined for the planar structure.
The agreement between calculation and experiment was closest for (DHAt) 2 BTD, (DHAd) 2 BTD, and (DHAtPht) 2 ROPh, which evinced a factor of 2 difference between the measured and computed TPA cross sections and computed red-shifts of the lowest absorption maxima within 100 nm of the respective experimental values. The discrepancy between measured and computed values of δ and the TPA band maximum was larger for the more conjugated (DHAtBTDt) 2 ROPh and (DHAtROPht) 2 BTD chromophores; this result is consistent with the expectation that these species likely access a range of structures having varying degrees of conjugation in solution. The calculated δ values for (DHAtPht) 2 -ROPh, (DHAtBTDt) 2 ROPh, and (DHAtROPht) 2 BTD) exceed orthogonal imaging utility of D A structures in applications such as second harmonic generation imaging. [3,4- g]quinoxaline (TDQ) electron acceptor units were designed and synthesized. The lowest energy absorption bands of these proquinoidal compounds are red-shifted ∼100 nm relative to the transitions of corresponding reference chromophores that incorporate phenylene components in place of BTD and TDQ moieties. These chromophores exhibit large fluorescence spectral red-shifts and concomitant decreases of fluorescence quantum yield with increasing solvent polarity, indicating that these species possess relaxed singlet excited states having significant internal charge transfer (ICT) character. These proquinoidal species manifest blue-shifted two-photon absorption spectra relative to their corresponding one-photon absorption spectrum and display high TPA cross sections (>100 GM) within these spectral windows. D-A-D and A-D-A structures within this series that feature more extensive conjugation exhibit larger TPA cross sections; theoretical analysis of these spectral properties are consistent with this trend. Two proquinoidal quadrupolar chromophores, (DHAtBTDt) 2 -ROPh and (DHAtROPht) 2 BTD, showed TPA cross sections over 150 GM in the spectral region between 750 and 960 nm. This optical excitation window is easily achieved with a modelocked femtosecond titanium-sapphire laser, which is most frequently used for two-photon-excited fluorescence imaging. Proquinoidal D-A-D and A-D-A chromophores that feature BTD components manifest high fluorescence quantum yields (0.6 < Φ f < 0.9) in environments with low solvent polarity. This property makes these species attractive as dopants in nanoscale matrices, such as polymersomes, 110 112 as the combination of large TPA cross section and substantial fluorescence emission provides added imaging utility. Additionally, because the nonlinear properties of dipolar and ' ACKNOWLEDGMENT
